Hanford low-activity waste solutions contain sulfate, which can cause accelerated corrosion of the vitrification melter and unacceptable operating conditions. A method is needed to selectively separate sulfate from the waste. An experiment was conducted to evaluate evaporation for removing sulfate ion from Tank AN-107 low-activity waste. Two evaporation steps were performed. In the first step, the volume was reduced by 55% while in the second step, the liquid volume was reduced another 22%. Analysis of the solids precipitated during these evaporations revealed that large amounts of sodium nitrate and nitrite co-precipitated with sodium sulfate. Many other waste components precipitated as well. It can be concluded that sulfate removal by precipitation is not selective, and thus, evaporation is not a viable option for removing sulfate from the AN-107 liquid. 
Summary
Hanford low-activity waste solutions contain sulfate, which can cause accelerated corrosion of the vitrification melter and unacceptable operating conditions. A method is needed to selectively separate sulfate from the waste. An experiment was conducted to evaluate evaporation for removing sulfate ion from Tank AN-107 low-activity waste. Two evaporation steps were performed. In the first step, the volume was reduced by 55% while in the second step, the liquid volume was reduced another 22%. Analysis of the solids precipitated during these evaporations revealed that large amounts of sodium nitrate and nitrite co-precipitated with sodium sulfate. Many other waste components precipitated as well. It can be concluded that sulfate removal by precipitation is not selective, and thus, evaporation is not a viable option for removing sulfate from the AN-107 liquid. 
Introduction
The presence of sulfate ion in the Hanford low-activity waste (LAW) solutions at up to 0.07 mole per mole sodium (Contract number DE-AC27-96RL13308, Modification 14, Specification 7) generates several potential processing difficulties. Preliminary testing of the LAW vitrification system at the Vitreous States Laboratory (VSL) indicates that a separate molten sulfur layer will form in the melter (nominally at 1150°C) at sufficiently high sulfate concentrations. A molten sulfur layer in the LAW melter can lead to accelerated corrosion of the melter and unacceptable operating conditions (e.g., steam explosion).
BNFL Inc. (BNFL) has been evaluating several methods to mitigate the impacts of sulfate on the LAW vitrification system, including pretreatment technologies, blending of high and low sulfate LAW solutions, modification to the LAW glass formulations, and volatilization of sulfur in the LAW melter as SO 2 or SO 3 . BNFL is evaluating four pretreatment technologies for separating sulfate from LAW solutions:
• Ion Exchange (SuperLig 655)
• Evaporation
• Precipitation
• Low-temperature crystallization Savannah River Technology Center (SRTC) personnel have conducted tests with LAW Envelope B simulant to demonstrate sulfate separation using evaporation, precipitation, and low-temperature crystallization. IBC Technologies personnel have conducted tests with a range of simulants to demonstrate sulfate separation using SuperLig 655 resin. Additional tests are required with radioactive and other simulated LAW solutions to evaluate these sulfate pretreatment technologies.
This report describes the results of an experiment using actual AN-107 waste to evaluate evaporation for removal of sulfate ion from the Tank AN-107 LAW (Envelope C) fraction. The test also provides information on the degree to which AN-107 can be concentrated without solids formation. Information on the evaporation of the pretreated AN-107 waste is valuable for understanding storage conditions for the pretreated waste.
2.1

Experimental
Sample Description. The sample used in this test was derived from an AN-107 archive sample. This material was collected and processed to remove cesium before its use for the BNFL project (Hendrickson 1997) . It was collected as 45 grab samples in 125-mL bottles taken during January 1997. Approximately 5.4 L of in-tank material was transferred to the 222-S laboratory and 0.53 M sodium hydroxide was added to dilute the waste to 5 M sodium and adjust the free hydroxide concentration to 0.24 M. Solids were separated from the supernatant by settling. The supernatant was decanted and passed through small columns containing cesium-selective crystalline silicotitanate material. Analysis of the waste after cesium removal indicated the free hydroxide concentration to be 0.126 M. Following cesium removal, the sample was transferred to the Pacific Northwest National Laboratory in five 1-L poly bottles where it has been stored in the Shielded Analytical Laboratory hot cells in the Radiochemical Processing Laboratory.
As part of an effort to prepare feed for sulfate-removal tests, a subsample of the AN-107 archive sample was further treated to remove Sr/transuranic (TRU) components (Hallen et al. 2000) by precipitation. This activity involved adjusting the subsample to a hydroxide concentration of 0.8 M with the addition of 19 M NaOH. A solution of 1 M strontium nitrate was added to provide a Sr concentration of 0.05 M, and a solution of 1 M sodium permanganate was added to provide a permanganate concentration of 0.03 M. The precipitated solids were separated using a 0.45-micron dead-end filter. The clarified liquid was used for the tests described in this report. Procedure.
(a) An aliquot (20 mL) of the pretreated AN-107 sample was set aside for analysis. The rest of the sample (101 mL, 122.2 g) was placed into a 500-mL beaker equipped with a stir bar and marked at the 45-mL level (this was the target volume for the first evaporation step). The beaker was placed on the hot plate/stirrer and stirring was begun. The hot-plate temperature was ramped up to 115°C over a period of ~1 h. (Note: The temperature of the solution in the beaker was not measured, but was likely ~20 to 30°C less than the plate temperature.) The solution was evaporated to a volume of 45 mL; this process took 2.5 to 3 h. The evaporation proceeded smoothly with no foaming. No solids were observed to form as the volume was reduced to about 50 mL. Precipitation of solids occurred as the volume was further reduced to 45 mL.
The concentrated slurry was stirred at ambient temperature (~23°C) for about 20 h, and the weight was then determined to be 59.6 g. The concentrated slurry was filtered through a 0.45-µm-nylon membrane. The filtration proceeded very slowly, with 45 to 60 min required to filter the entire slurry.
(a) The test instruction and the associated procedural notes are included as Appendix A to this report. These tests were conducted per the instructions provided in Test Specification TSP-W375-99-00012 Rev 0, Test Specification for Evaluating Sulfate Separation from LAW Solutions, September 13, 1999.
Since a significant amount of the solids remained in the 500-mL beaker, the filtrate was used to rinse the beaker. The resulting rinse slurry was passed through the same filter membrane to collect additional solids and the clarified liquid. Because the concentrated sample was very viscous, weight losses occurred during the filtration process. The weight of slurry actually filtered was 57.6 g (compared to 59.6 g total), and the loss of material can be attributed to the residual remaining in the beaker. The weight of the clarified liquid was 32.3 g while that of the filtered solids was 25.2 g.
The solids were divided between two 20-mL glass vials (the volume of solids was too great to fit into one vial) and dried overnight at 105°C. The solids in one of the vials (AN107-Solid1) did not appear (visually) to be completely dry. This was supported by the fact that only a 24.6 wt% loss was measured for vial AN107-Solid1 compared to a 33.6 wt% loss for the other vial (AN107-Solid1B). The amount of material in AN107-Solid1B was less than in AN107-Solid1, and consequently, drying occurred more rapidly. Using the larger water loss value of 33.6 wt%, the total weight of dried solids was determined to be 16.7 g. Because it was more thoroughly dried, an aliquot (0.189 g) was taken from Vial AN107-Solid1B for analysis. The aliquot of solid was rapidly dissolved in 20 mL of deionized water at room temperature.
The clarified liquid concentrate was transferred to a graduated cylinder, and the volume was determined to be 22 mL. The liquid was then returned to the filter flask. A 10-mL aliquot of the liquid in the filter flask was set aside for analysis. The remaining 12 mL was transferred to a 100-mL beaker equipped with a stir bar and marked at the 9-mL level (this was the target volume for the second evaporation step). The sample was evaporated to 9-mL (12.5 g) and filtered in a manner similar to that described above. The clarified liquid weighed 5.0 g and had a volume of 3 mL. The wet solids were dried overnight at 105°C (4.2 g of dried solids recovered; 20.2 wt% loss on drying). A 0.242-g aliquot of the dried solids was dissolved for analysis in 20 mL of deionized water at room temperature.
The untreated sample, the first and second concentrated slurries, and the first and second precipitates were subjected to the following analytical procedures: ion chromatography (IC) (anions), acid digestion, inductively coupled plasma/atomic emission spectroscopy (ICP/AES), 90 Sr, total alpha, and gamma energy analysis (GEA).
3.1
Results and Discussion
The process steps used in the evaporation tests are summarized in Figure 3 .1. The actual sample volumes and masses are provided along with values corrected for holdup losses and sampling. The corrected values are provided to more accurately calculate a mass balance and represent an actual process flowsheet. Details of these calculations and the assumptions may be found in Appendix C.
The concentrations of the analytes in the starting archive AN-107 sample, the liquid concentrates, and the solid precipitates are shown in Table 3 .1 along with the BNFL-specified minimum reportable quantities (MRQs). The concentrations in the solids are given as µg/g of solid precipitate on a dry basis (i.e., dried at 105 o C). The boron and silicon found in the samples are believed to be due primarily to contamination from the borosilicate glass used for sample storage and handling. Some of the zinc and calcium found in the samples is believed to be due to laboratory contamination during sample preparation since both of these analytes were detected in the preparatory blank. The values reported for the metals determined by ICP appear low for the second filtered concentrate. A review of the sample preparation bench sheets indicates this is likely because of a mass or volume recording error. Fluoride reported in the samples is likely due to organic anion interference. A high probability exists that there is no fluoride in the samples. All specified MRQs, except those for chloride and phosphate, were readily met.
A comparison of the solids compositions indicates that there is little, if any, selective precipitation of sulfate. As seen in Table 3 .1, this is indicated by the similarity of the two solids compositions. Although the sulfate concentration does increase in the solids from the second evaporation, it is still a relatively small fraction of the total precipitated salts. An examination of the major components in the solids indicates that the precipitate consists largely of sodium nitrate, nitrite, and sulfate salts.
The mass balances for each analyte, corrected for holdup and subsampling, are summarized in Table 3 .2. The sulfate mass balance for the first concentration step is very good and is reasonably good for the second concentration step. Approximately 2 / 3 of the sulfate remained in the filtrate after the first concentration step. The analytical results only accounted for ~91% of the sulfate in the second concentration step; normalizing the results to 100% gives 15% in the remaining liquid and 85% in the solids for a total removal of 86% for the 93% volume reduction. (b) The nitrate mass balance for the first concentration step was excellent, and the mass recovery was somewhat high for the second concentration step. The first concentration produced a solid that contains approximately 60% of the nitrate of the pretreated AN-107 archive sample. The second concentration step produced a solid that contains approximately 80% of the remaining nitrate or approximately 32% of the nitrate originally present in the pretreated AN-107 archive sample. The two steps removed 92% of the nitrate for a 93% sample-volume reduction. The nitrite mass balance for the first concentration was excellent, and the mass recovery was somewhat low for the second concentration step. Approximately 2 / 3 of the nitrite remained in the filtered liquid after the first concentration step. The analytical results only accounted for ~65% of the nitrite in the second concentration step; normalizing the results gives 15% in the remaining liquid and 85% in the solids for a total removal of 86% for the 93% volume reduction.
Chloride and phosphate were detected only in the liquid fractions of both concentrates, so no mass balance could be made.
The mass balance for both the metals and the radionuclides was excellent for the first concentration steps, but the mass recovery was low for the second concentration step. This is attributed to a mass or volume recording error during sample preparation resulting in apparently low concentrations for the filtered concentrate from the second evaporation. 26.5 38.8 65.3 (a) Analyte was not detected in one or more fractions; thus a mass balance could not be made. (b) High calcium and zinc mass balances are attributed to laboratory contamination, as these elements were found in the analytical blank. (c) Iron, manganese, and uranium results were below the analytical detection limit for the first precipitated solids, so a true mass balance could not be made. The values given in italics are a range of recoveries based on the detection limit and the factors given in Equations 1 through 4.
Conclusion
Although sulfate can be partially precipitated from the AN-107 liquid after concentration by evaporation, the separation is not selective. When the liquid is concentrated by more than 50%, a large amount of sodium nitrate and nitrite precipitated along with the sulfate. As seen in Table 3 .2, many other species are also precipitated in approximately the same ratio along with sulfate. The first precipitated solids, which are 21.4% of the mass of the starting material, contain only 33.1% of the sulfate. Selective removal of sulfate by precipitation after liquid concentration by evaporation does not appear to be an attractive option.
Fluoride was reported in the anion analytical data; however, the report included the notation that the positive fluoride values were likely due to interference from organic anions; therefore, fluoride is not included in the mass-balance calculations. The sulfate measurements for both sets of precipitated solids were measured at the lower end of the calibration curve, near the method detection limit. The replicate for the first precipitated solid had poor agreement with the sample (>240% relative percent difference [RPD] ). Since the sample and duplicate were done at different dilutions and injection sizes, the data used for the sulfate mass balance use the least diluted sample-injection result. Both nitrate and nitrite were measured in the filtrates at concentrations near or slightly above the calibration curve; however, the data were reported with the notation that good linearity had been demonstrated for sample concentrations at up to twice the concentration of the highest standard. All the reported data were less than this concentration. Am results for both precipitated solids had high uncertainties, 22% and 15%, respectively. Antimony-125 had high uncertainties for the original sample and each of the filtered concentrates, 19%, 30%, and 27%, respectively. Antimony-126 and 126
Sn total results had a high uncertainty for the second precipitated solid (17%). Total Alpha measurements had high uncertainties for both precipitated solids, 24% and 19%, respectively.
The metals data had results for some fractions that were below the detection limits for copper, iron, manganese, neodymium, rhodium, rhenium, uranium, and zirconium. Both boron and silicone had very high recoveries, which are attributed to the use of borosilicate glass for sample handling. The process blank for the metals analysis contained traces of calcium, nickel, and zinc. The levels of nickel detected in the samples were many orders of magnitude greater than the levels found in the blank; consequently, there was no impact to the data. The levels of both calcium and zinc detected in the samples were much lower relative to those detected in the blank.
A single acid-digestion preparation was performed for the ICP metalsanalysis. In the case of the second concentrate (AN-107-2), the weight and volume used for this preparation did not give a density that matched the density determined in the precipitation experiment. Additionally, upon investigation, it was determined that the volume entered on the acid digestion benchsheet did not include an aliquot removed for 90 Sr testing. A correction for this was made to the mass-balance data, but this did not entirely resolve the discrepancy.
The total carbon, total organic carbon, and 99 Tc tests were cancelled for logistical and financial reasons.
C.1
Appendix C: Calculations
The holdup quantities were calculated using the following corrections. The holdup upon transfer of the 45-mL concentrate to the filter apparatus was 2 g. Of this, 2 g held up in the beaker, 1.12 g was assigned to the liquid fraction, and 0.88 g was assigned to the wet solid fraction, based on the ratio of liquid and solids recovered. The density of the liquid fraction was determined to be 1.43 g/mL, based on the weight of the 10-mL aliquot of the filtered concentrate set aside for analytical work. This gives a liquid holdup volume of 0.78 mL for the transfer step to the filter apparatus, based on the weight measured for this step. The filtrate was then transferred to a graduated cylinder to measure the volume, which was 22 mL. The holdup on transfer to the graduated cylinder was estimated to be 0.75 mL, based on the density of the liquid (1.43 g/mL) and the sample weight before the transfer (32.3 g) to the graduate. The difference in the sample weight transferred from the graduated cylinder (16.7 g [further processing] + 14.3 g[analytical sample]) account for an additional holdup of 1.3 g (0.91 mL) on the graduated cylinder and filter flask.
Using the same approach, the volume of filtrate transferred to the 100-mL beaker for the second concentration was estimated to be 11.6 mL (16.7 g ÷ 1.43 g/mL). The second concentrate was transferred to a filtration apparatus. The holdup on this transfer was found to be 1.4 g, of which 0.63 g was assigned to the liquid fraction and 0.77 g was assigned to the wet solids, based on the ratio of the recovered amounts. The weight of the filtered liquid was found to be 4.98. The liquid was transferred to a graduated cylinder. The measured volume of the filtrate in the graduated cylinder was 3.0 mL. It was then transferred to a vial and weighed again. The weight after the transfer was found to be 4.53 g. The combined holdup for both these transfers was 0.46 g. Assuming that an equal holdup of filtrate occurred in the transfer from the filtrate receiving vessel to the graduated cylinder and the transfer from the graduated cylinder to the vial, the weight of the liquid in the graduate (3.0 mL) can be estimated to be 4.755, yielding an estimated density of 1.585 g/mL. Using this density, the total volume of the liquid fraction of the concentrate, corrected for holdup, is estimated to be 3.6 mL ([4.98 g ÷ 1.585 g/mL] + [0.63 g ÷ 1.585 g/mL]).
As discussed in the experimental section, the solids from the first concentration step were split among two vials, and the dry weight was normalized to the driest sample (AN107 Solids1B). The holdup amount assigned to the transfer of the wet solids to the filtration apparatus was 0.88 g. An additional 0.9-g holdup was assigned to the transfer of the wet solids from the filter to the two vials. The holdup corrections for the second precipitation include the holdup on transfer of the filtrate to the graduated cylinder (0.45 mL), the holdup for the transfer of the second concentrated slurry to the filter apparatus (0.77 g), and the transfer of the solids from the filter to the vial for drying (0.56 g). The volumetric factor applied to the starting material sample (AN107-Start) results was 101 mL. The second-step evaporation results are corrected for the quantity of sample removed from the first filtrate.
The initial density of the AN-107 starting material was 1.210 g/mL. Evaporation of the sample to a volume of 45 mL resulted in a slurry with a density of 1.324 g/mL and a filtered liquid with a density of 1.429 g/mL. The slurry resulting from the second concentration step had a density of 1.393 g/mL. As described above, the estimated density of the second filtrate was 1.585 g/mL. Since the analytical results were provided in volumetric units, the mass balance was calculated using corrected volumes.
The following is a sample calculation for sulfate and shows how the values in Table 3 .2 were obtained for each analyte. The mass balances for each analyte, corrected for holdup and subsampling, are summarized in Table 3 .2. The percentage precipitated from the solution was found to be 100 × 133.6 mg ÷ 404 mg = 33.1%
The quantities of sulfate in the concentrated liquid and the precipitate account for 95% of the original sulfate in the AN107-Start sample.
AN107-2 (filtered liquid): The SO 4 -2 concentration reported for this sample was 5200 ppm.
The quantity of sulfate in the filtered liquid was determined as follows: 5200 mg/L × 0.00659 L = 34.2 mg
The percentage left in solution was found to be 100 × 34.2 mg ÷ 250.3 mg = 13.7% AN107-PPT2 (precipitated solids): The SO 4 -2 concentration reported for this sample was 230 ppm. The quantity of sulfate in the precipitated solids was determined as follows:
230 mg/L × 0.842 L = 193.66 mg
The percentage precipitated from the solution was found to be 100 × 98.4 mg ÷ 250.3 mg = 77.4%
The quantities of sulfate in the concentrated liquid and the precipitate accounts for 91% of the original sulfate in the AN107-1 sample.
The values given in Table 3 .2 were calculated from the analytical data in the same way. Where only the method detection limit was provided, a calculated range of the lower boundary is given in the table.
